The paper presents the results of measurements and predictions of radial thrust in centrifugal pump with specific speed n s = 26. In the pump tested, a volute with rectangular cross-section was used. The tests were carried out for several rotational speeds, including speeds above and below the nominal one. Commercial code ANSYS Fluent was used for the calculations. Apart from the predictions of the radial force, the calculations of axial thrust were also conducted, and correlation between thrust and the radial force was found. In the range of the measured rotational speeds, similarity of radial forces was checked.
Introduction
The knowledge of force acting on rotor is essential to correctly select bearings in centrifugal pump and to decide whether a balancing device should, or should not be used.
When a balancing device for axial force is necessary, predicting the accurate value of axial force F a (eq. 1) is important. When balancing disk is used, the whole axial force must be balanced, and in the case of using a balancing drum -nearly 85% of it. (1) For too high radial force, one should consider a double volute instead of single volute.
Fig. 1. Pressures and forces acting on rotor external surfaces
The components x and y of radial force depend on pressure distribution around the impeller.
where total radial force F r = F 2 rx + F 2 ry . The radial force, called sometimes the radial thrust, depends on head and diameter of the impeller. Taking into account the fact that the pump head is a quadratic function of a rotational speed, and knowing the impeller diameter, this force can be described as:
This force reaches high values in high-speed pumps or pumps with large impeller diameters. Its value is influenced also by the type of casing (single volute, double volute, diffuser) and does a pump operate at the BEP or not. The radial thrust reaches the highest values in single volute pumps at duty points far from the BEP. A pump operating outside acceptable flow range can suffer from bearing problems or even shaft breaking [1] . Pump designers readily refer to simple empirical formulas. The earliest one, based on one size of the pump only, was proposed by Stepanoff [2] .
Agostinelli et al. [3] measuring radial thrust for sixteen different pumps extended the formula involving the effect of specific speed on radial force. Biheller [4] and the Hydraulic Institute [5] proposed some other relationships as well. The values obtained by the HI were over-predicted for low specific speeds compared to those found by Agostinelli [3] . Later, the Hydraulic Institute corrected its values [6] , so they comply well with the Agostinelli's ones [3] . The direction of the radial thrust cannot be found from theses relations.
In this paper, results of experimental and numerical investigations are presented for centrifugal pump with the rectangular cross-section volute.
Pump test-bed
The tests were carried out on the test-bed presented in Fig. 2 . The pump (3) with exchangeable impellers was the essential part of the test bed. In the tests, the impeller of specific speed n s = 26 was used. The pump sucked water from tank (1) and delivered it to the same tank. Pressures before (4) and after (5) the pump, flow rate (6), rotational speed (7), torque (8) and radial force (11) were measured on the test-bed. Volute casing of rectangular cross-section ( Fig. 3) was made of wood, so it was easy to change its dimensions. In the presented investigations, the inlet volute width was b 3 = 40 mm and was equal to the volute casing width b 4 . The width of the impeller outlet together with the shrouds was b 2 = 34 mm and its diameter d 2 = 264 mm. The radial force was measured with strain gauges attached to the shaft (p. 11 in Fig. 2 ). For calibration procedure, the shaft was lengthened to apply standard force G (Fig.4) . In this way the calibration curve was determined. The radial force F was calculated from the relationship (a = 310 mm, b = = 200 mm, c = 640 mm) The investigations and predictions cover rotational speeds of n = 1150, 1300, 1450, 1600 rpm for one volute casing.
Results of measurements and numerical predictions
The commercial code ANSYS Fluent was employed for numerical predictions of hydraulic forces acting on impeller. The grid covering the flow area consisted of 8.8·10
5 nodes. Figure 5 shows the 3D pump model with inlet part, impeller, volute and outlet channel and the corresponding grid.
For calculations, we used the standard turbulence k-ε model. The predictions covered rotational speeds of n = 1300, 1450, 1600 rpm. The predictions are generally in accordance with the measurements. The value of radial thrust for rotational speed n = 1300 rpm at shut off flow Q = 0 is over-predicted, but the shape of the radial force curve is very similar to that determined by the measurements. Figure 7 shows direction of both measured and predicted radial force. The calculated results don't coincide well with measurements, however, satisfactory agreement was achieved between the magnitudes of experimental and calculated radial force. The calculations were made using the frozen rotor approach with one impeller blade positioned against the tongue, which might have some influence on the pressure field between the rotor and the volute. The frozen rotor scheme supports steady-state prediction in the local frame of reference on each side of the interface. This scheme is used for non-symmetric flow domain of volute. The relative circumferential position of the impeller with respect to the volute tongue is fixed in time. In this case, the solution provides a snapshot of the flow regime. The predictions thus depend on the rotor position, so one can obtain inadequate results for local flow fields.
The advantages of the frozen rotor model, compared to the unsteady calculations are robustness of the model and lower demand for computer resources. Steady state calculations can't capture unfortunately all interaction effects with complete fidelity. Figure 8 shows the velocity field at shut off flow ( Q = 0) near the volute tongue.
One can see the deceleration at the outlet of volute and the separation of the flow on the tongue of volute.
Asymmetrical pressure distribution at the outlet of impeller produces not only the radial force and its bending moment acting on the shaft, but it also (Fig. 9 ) so one can expect that the moments of axial thrust and radial thrust have similar form. This interesting correlation between both distributions is presented in Fig. 10 for the rotational speed of n = 1450 rpm.
The presented data are in dimensionless form related to their maximum values for shut off flow. The phenomenon of axial thrust moment is usually ignored by pump designers when analyzing shaft stresses. Luckily, this moment is opposite to the radial force moment, so it lessens the shaft load. One could expect similar characteristics of the radial force, since it depends on rotational speed for the same impeller geometry. Figure 11 presents distributions of force coefficient against flow coefficient for five different rotational speeds. For rotational speeds equal to or less than nominal speed, the similarity law is quite well satisfied. The discrepancy appears at highest rotational speed for low flow coefficients and is caused by higher losses connected with higher speeds.
The components of radial force showing the force direction are presented in Fig. 12 . The discrepancies appear (as previously) at highest rotational speed for low flows, due to the same reasons as mentioned above.
Conclusion
1. This paper presents results of radial thrust measurements for centrifugal pump of specific speed n s = 26 with volute of a rectangular cross-section for several rotational speeds. 2. The results show that similarity of radial forces can be used to achieve valuable information of radial thrust for pumps with speed control. In the case of pump operating with speeds higher than nominal one, true radial thrust is lower than that estimated from the similarity law, so the predictions are on the safe side. 3. CFD with the frozen rotor scheme predicts with sufficient accuracy magnitude of radial thrust in the whole range of flows. When pump operates in the narrow range around nominal flow, optimization of pump designing is possible. 4. The frozen rotor approach may be the reason for erroneous prediction of the radial force direction. Therefore, several rotor positions should be calculated, and the results averaged for performance prediction, or predictions of one impeller position should be used as a starting point for a transient sliding-mesh simulation. 5. There is a correlation between distributions of radial force and axial thrust moment. It results from asymmetry of pressure distribution around the impeller, which causes asymmetry of the pressure field acting on the front shroud of the impeller.
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